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A new insight into photoinduced charge transfer processes across carbon nanotube@TiO, interfaces has

been gained based on experimental details from transient absorption spectroscopy. We show that photo-

induced, interfacial hole transfer to carboxylic acid-functionalized multiwalled carbon nanotubes
(0xMWCNTSs) from TiO, results in hole-doped oxMWCNTs and reduced TiO,. The latter is inferred from
femto- and nanosecond transient absorption spectroscopy performed with oxMWCNT@TIO, dispersions

and complemented with investigations using methyl viologen and N,N,N’,N'-tetramethyl-p-phenylene-

diamine as an electron scavenger and a hole scavenger, respectively. The results of ultraviolet photo-

emission spectroscopy (UPS) of the compounds corroborate the findings, highlighting the strong coupling
between oxMWCNTs and TiO, in these hybrids.

Introduction

Titanium dioxide unique photocatalytic properties have led
research groups around the globe to design novel and more
efficient photocatalytic systems."™ For example, nano-sized
TiO, has extensively been studied due to the synergy stemming
from a high specific surface area, large availability of reaction
sites, as well as the possibility of obtaining diverse
morphologies. Notable are fibres,>® thin films,” rods,>° plate-
lets’®"" or opals'* with properties different from bulk
materials. Mesoporous nanostructured TiO, architectures are
of particular interest owing to their large surface-to-volume
ratios and networks of interconnected crystals.

As such, not only interfacial charge transfer but also longer
diffusion lengths of charge carriers are facilitated."”>
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Additional benefits of TiO, come from charge separation
between anatase and rutile due to differences in their
electronic structures.”>*®> Durrant and coworkers have, for
example, demonstrated that hole transfer from anatase to
rutile contributes to the photocatalytic enhancement in
mesoporous anatase/rutile heterojunctions.™

A complementary strategy to yield higher photocatalytic
efficiencies consists of promoting charge separation by hybrid-
ization of TiO,. At the forefront of investigations are
metals,'®*® metal oxides,'®?*° and non-metals such as nitro-
gen,”"** sulphur,”® carbon,***® etc. Besides the afore-
mentioned atomic dopants, nanocarbons are emerging as a
molecular dopant to hybridize Ti0,.>°*° Importantly, an
increase in photocatalytic activity by a factor of up to 4 com-
pared to bare TiO, nanoparticles has been reported.’’ The
overall increase in the photocatalytic activity of TiO, upon
addition of nanocarbons has been attributed to (i) better
charge separation across the interface with longer photo-
carrier lifetimes,® (ii) larger surface areas in combination with
other relevant morphological effects, and (iii) photosensitiza-
tion by nanocarbons.’’ Such enhanced, interfacial charge
transfer processes in nanocarbon hybrids have been exploited
in several other energy-related applications, such as photo
(electro)catalysis, batteries and supercapacitors or sensing.>?

Despite the undisputed importance of charge transfer
across nanocarbon@TiO, interfaces, the nature and the
dynamics of photoexcited charge-carriers in these hybrid
systems remain unclear. Even the directionality of charge
transfer, a basic step to elucidate further progress of the photo-
catalytic reaction, is ambiguous. Interestingly, it has been
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documented that carbon nanotubes facilitate both hole and
electron extraction in photovoltaic devices.>*™® In the context
of photocatalysis, Woan et al. proposed, for example, a
pathway, which involves an electron transfer from TiO, to
multi-walled carbon nanotubes (MWCNTs) under UV light
irradiation.?® In sharp contrast, electron transfer to TiO, has
been reported upon covalently linking single-walled carbon
nanotubes (SWCNTs) and in TiO,-SWCNT dye sensitised solar
cells.’”*® Recent photo-electrochemical studies suggest that
when combined with ZnO, which has similar band positions
to TiO,, MWCNTs may act as a hole acceptor and, in turn,
increase the current conversion efficiencies.* Such discrepan-
cies are partly ascribable to differences in interfacing nano-
carbon and metal oxides. Simple mixing, on the one hand,
produces a composite with two distinct phases. In situ growth
of the metal oxide in the presence of nanocarbons, on the
other hand, leads to the formation of hybrids. The properties
of the latter are dominated in some instances by interfacial
processes and new interfacial energy states.’® Additionally, the
systems under photocatalytic study often contain Pt, which has
a strong effect on charge transfer dynamics.

In this context, we have investigated the directionality and
dynamics of charge transfer across interfaces in mesoporous
MWCNT@TIO, hybrids. They have been produced by a combi-
nation of sol-gel and electrospinning and have recently been
shown to have high photocatalytic activity towards hydrogen
production.?® The large interfaces between nanocarbons and
semiconducting metal oxides render the resulting hybrids
ideal to study interfacial charge transfer processes - an
approximation of the interface is given in the ESL.{

Importantly, MWCNT@TiO, hybrids are uniquely suitable
for charge transport measurements either in the form of single
fibres,*"** or sintered electrodes.** Also, their application as
dispersions for photocatalytic reactions is notable. Through a
combination of transient absorption spectroscopy and photo-
catalytic test reactions, we demonstrate interfacial charge sep-
aration in these hybrids and provide rates for the different pro-
cesses. The dominant mechanism is most likely based on a
hole transfer from TiO, to MWCNT under UV photoexcitation.

Results and discussion

Fig. 1 presents electron micrographs of the mesoporous TiO,
materials used in this study. They consist of uniform fibres
with rough surfaces and a diameter of 300 + 100 nm (Fig. 1a).
At higher magnification, the TEM images (Fig. 1b) corroborate
that the fibres feature TiO, crystalline domains with an
average size of 12 nm. These are interconnected along the
fibre structure yet giving rise to pores with sizes in the meso-
porous range.”® The addition of oXMWCNTSs in the range of
concentrations from 1 to 5 vol% does not change the overall
mesoporosity. By virtue of growing TiO, in situ, the presence of
OoXMWCNTs generates large oxMWCNT®@TiO, interfaces,
where the two components are in close proximity (Fig. 1c).
From the electron diffraction (ED) pattern, we derive the pres-

Fig. 1 (a) SEM image of TiO, nanofibres with the inset showing an indi-
vidual microscopic fibre. (b) TEM image of oxMWCNT@TiO, fibres with
an inset that shows the interconnection of TiO, nanocrystals. (c) HRTEM
image of crystalline TiO, nanocrystals interfacing with oxMWCNTs. (d)
ED pattern corresponding to (b).

ence of anatase (A) and rutile (R) (Fig. 1d). From XRD measure-
ments the A/R ratio is found to be 0.7. Anatase to rutile phase
transformation occurs usually above 500 °C using sol-gel
methods although a low temperature transformation is plaus-
ible.** In our synthetic route, the large nanocrystal surface and
the use of an inert atmosphere accelerate this process.”®
Overall, the benefit of the combined sol-gel/electrospinning
method used here is the formation of a mesoporous nano-
crystalline TiO, structure containing uniformly dispersed
0XMWCNTs forming a tight interface.?®

Next, the TiO, fibres were characterized by Raman spec-
troscopy to determine compositional features as they may exert
an impact on the photocarrier dynamics - vide infra.
Representative spectra for electrospun bare TiO, and 5 vol%
ox-MWCNT@TiO, are presented in Fig. 2. In addition, the
Raman spectrum of TiO, nanoparticles produced by a stan-
dard sol-gel method lacking the mesoporous structure arising
from the combined sol-gel/electrospinning process is shown.
The Raman modes of the anatase phase are clearly visible:
144 em™" (Ey), 197 em™! (Eg), 399 em™" (Byg), 515 em ™' (Aqy)
superimposed onto 519 em™" (By,) and 639 ecm™' (Ey). The
presence of the rutile phase is confirmed by Raman modes at
447 em™' (Eg) and 612 em ™! (A4,)*° and XRD (Fig. S31).

In Fig. 2a, the peak at 144 cm™" is shifted and wider in the
fibres compared to that for nanoparticles produced by sol-gel.
The 144 cm ™" peak corresponds to vibrations of the Ti-O skel-
eton in the anatase phase and its high intensity suggests the
long-range order of anatase crystals produced during anneal-
ing. A shifting and broadening infers the existence of oxygen
vacancies in the TiO, structure. Thus, combining a sol-gel
process and electrospinning as part of the low temperature
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Fig. 2 (a) Raman spectra of TiO, nanoparticles (black spectrum), TiO,
fibres (red spectrum), and 5 vol% oxMWCNT@TiO,; (blue spectrum). The
inset shows the zoom into the 100-250 cm™ region. (b) Extended
Raman spectrum of 5 vol% oxMWCNT@TiO,, the inset shows D and G
peaks of oxMWCNTs before (black spectrum) and after hybridization
with TiO; (red spectrum).

synthetic route followed by annealing under an inert atmo-
sphere favours the existence of defects in the electrospun
fibres. Such oxygen vacancies are likely the inception leading
to interfacial sharing between neighbouring TiO, nanocrystals,
resulting in stronger interactions between them. The chemical
contact between crystals is thought to outweigh the negative
effect of vacancies acting as electron traps and delaying charge
transfer processes. Interestingly, the largest shifts were
observed for OXMWCNT@TiO,, which suggests that
oxXMWCNTs induce additional distortion to the TiO, structure,
for example, through the formation of a Ti-O-C interfacial
bond, predicted to have a formation energy of —1.74 eV.*®*°
Fig. 2b shows the extended Raman spectrum of the 5 vol%
OoXMWCNT®@TiO, hybrid. In the low wavenumber range, the
signatures of the anatase phase are discernible. In the high
wavenumber range, the presence of the D and G bands of
OXMW(CNTS at 1345 and 1594 cm™, respectively, confirms that
the hybridization leaves the oxXMWCNTSs intact. More impor-
tantly, an 18 em™" upshift in the G band is seen to evolve from
the hybridization (Fig. 2b). Shifts in Raman modes are often
due to mechanical strain.*” A likely source would be the
annealing treatment, where a densification of the Ti network
could induce a compression in the oxXMWCNTs. Such a mech-

anical effect would, however, broaden the G band and produce
a small displacement in the D band.”® Neither broadening nor
D band upshifting is observed. An alternative source is doping
of oXMWCNTs.*® To this end, oxXMWCNT hybridization, that
is, the growth of TiO, nanocrystals, might alter the electronic
structure of oXMWCNTs via the possible formation of C-O-Ti
bonds. Independent confirmation of our hypothesis comes
from hybrids produced by other synthetic methods and will be
reported in future work.

The photoluminescence (PL) of TiO, and oxXMWCNT@TiO,
fibres spans the spectral range from 400 to 600 nm. It is com-
posed of different contributions (Fig. 3). In the high-energy
region, the PL corresponds to the indirect band-to-band
recombination across the band gap (red line). PL in the low
energy range is attributed to excitons (green line), which result
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Fig. 3 (a) Photoluminescence spectra of TiO, (black) and 5 vol%
oxMWCNT@TiO; (red) upon 355 nm excitation. (b) Lorentzian fitting of
the emission band of the TiO, fibres corresponding to the contribution
of indirect band-to-band recombination (red), excitons (green), trapped
electrons from defects and O vacancies (blue and cyan) and trapped
holes (magenta). (c) Lorentzian fitting of the emission band of 5 vol%
oxMWCNT@TIO, corresponding to the contribution of indirect band-
to-band recombination (red), excitons (green), trapped electrons from
defects and O vacancies (blue and cyan) and trapped holes (magenta).
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from surface oxygen vacancies and defects (blue and cyan
lines), which is consistent with Raman analyses. The 600 nm
PL maximum (magenta line) is assigned to the recombination
of electrons with holes trapped in states above the valence
band.” Considering that this peak is more pronounced in the
hybrids, we conclude that hybridization with MWCNTs is
likely to be linked to the formation of new intra-band gap
states. Moreover, Fig. 3 documents a quenching of the PL by
75% in the 5 vol% oxXMWCNT@TiO, hybrid in comparison
with TiO, fibres. As such, o0XMWCNTs facilitate the charge sep-
aration across the oxMWCNT®@TiO, interface, which delays
the electron-hole recombination.”®

Combined ultraviolet photoemission spectroscopy (UPS)
and X-ray photoemission spectroscopy (XPS) provides insights
into the electronic structure and energy band positions of the
different materials. With their work function at hand, we
gather information regarding a possible charge injection
barrier at the oxx-MWCNTs@TiO, interfaces. Fig. 4a shows the
full spectra of the 5 vol% oxMWCNTs@TiO, and individual
components, TiO, and oxXMWCNTSs. A clear difference in the
UPS spectra with the secondary electron cut-off and the
valence band edge shifted to lower binding energies is
observed in oxXMWCNTs@TiO, in comparison with TiO,. From
the secondary cut-off at high binding energy, represented in

(@) —TiO,
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Fig. 4 (@) UPS spectra of TiO,, oxMWCNTs, and 5 vol%
oXMWCNT@TiO,. (b) UPS spectra of the secondary electron with the
onset highlighted in the graph to determine the work function. (c)
Valence band edge of UPS spectra.

Fig. 4b, the work function (¢) was determined by subtracting
the cut-off energy from the photon energy (21.2 eV). The work
function calculated for the TiO, fibres and oXMWCNTs@TiO,
is 4.32 and 4.37 eV, respectively, in agreement with the litera-
ture values for anatase nanostructures.”> Minor differences of
0.05 eV are observed in the work function of both materials
and the changes suggest band bending during the hybridis-
ation of TiO, with oxidized MWCNTs which have a higher
work function (4.7 eV).

We note that the literature values for the work function of
CNTs range from 4.3°% to 5.6 eV,”* whereas for TiO, they span
from 4 to 5.1 eV.>*>”® Such a wide range renders it rather
difficult to predict a generic band alignment in
OoXMWCNT@TIiO,, but confirms that the interfacial charge
transfer processes proposed below are entirely plausible. From
the low binding energy region (Fig. 4c), the positions of the
valence band maxima (VBM) are derived as the intercepts
between the tangents of the spectra and the baseline. The ioniza-
tion energy is 7.46 €V, in agreement with the reported values.”’
Noticeable differences are observed in the edge of the valence
band states in oXMWCNT@TiO,. A continuous distribution of
valence band states is measured up to ~1.72 eV with respect to
the Fermi level, corresponding to an ionization energy of 6.09 eV.
This suggests the presence of states within the band gap of the
hybrid. These states are presumably formed at the
OoXMWCNT®@TiO, interface and will give rise to hole transport as
a dominant mode of charge transfer across the ocxXMWCNT@TiO,
interface.>® Moreover, the UPS measurements place the ioniza-
tion energy of oXMWCNT at 5.51 eV, which, being much smaller
than the corresponding value for TiO, (7.46 eV), clearly suggests
a transfer of holes from TiO, to ocXMWCNT.*”

Predicting the directionality of charge transfer requires
precise insights into the interfacial chemistry, structure and
energy states.>® >

The morphology of electrospun oxXMWCNT®@TiO, consists
of a network of TiO, nanocrystals (12 nm) and immobilized
MWCNTs. These hybrids are best characterised by a large
interfacial region resulting from in situ growth of TiO, onto
oXMWCNTs. At the interface, specific chemical features, such
as Ti-O-C bonds or physical adsorptions of TiO, at carboxylic
sites (see XPS spectra in Fig. S4t), are expected to produce
local changes in the electronic structure and most likely new
interfacial energy states.*®®* > From the UPS spectra shown in
Fig. 4c we infer that the valence band region of
OXMWCNT@TiO, is shifted to lower binding energies com-
pared with bare TiO, and resembles that of MWCNTs. We take
the aforementioned inference as evidence for strong inter-
actions and charge transfer across the interface between
oXMWCNT and TiO,.

The emergence of PL, again, might reflect the presence of
interfacial states specific to oXMWCNT@TiO,. Ultimately, the
Raman and photoelectron emission spectroscopy characteris-
ation highlight the fact that the oxXMWCNT®@TiO, fibres are a
hybrid material, distinctly different from its components and
with electronic properties emerging from large interfacial
regions. Most importantly, the formation of covalent bonds at
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the oxXMWCNT@TiO, interface is expected to favour interfacial
charge transfer.

To understand the dynamics of photoexcited states, we
turned to transient absorption spectroscopy (TAS), a useful
technique to monitor the separation of electron-hole pairs in
TiO, materials.®*®” Fig. 5 shows femtosecond-transient
absorption spectra with time delays of 2-500 ps for TiO, nano-
fibres deposited on quartz slides upon 258 nm excitation. The
laser excitation power was chosen in the range of 250-600 nJ
per pulse to prevent nonlinear processes. We noted two signifi-
cant features, that is, negative transients in the visible region
and positive broad transients in the NIR region. We further
observed increases in the intensity of the NIR transients,
which is caused by the absorption of free conduction band
electrons. It proved, however, difficult to detect evidence for
trapped holes in the form of a broad positive band at 520 nm
as reported by Yoshihara et al.®® in the case of nanocrystalline
anatase TiO, films. These authors observed hole trapping in
the range of microseconds, while others have reported sub-ps
time scales for the rise and decay of differential absorptions at
A =520 nm in colloidal anatase nanoparticles and ascribed
these transients to shallow trapped holes.®®’° Notably, the
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Fig. 5 (a) Femtosecond laser photolysis transient absorption spectra of
TiO, nanofibers deposited on quartz slides upon photoexcitation at
258 nm (~250 nJ per pulse, 150 fs FWHM) with time delays of 2 ps
(black), 10 ps (red), 50 ps (green), and 500 ps (blue). Visible and Near-IR
spectra were recorded at different spots. (b) Corresponding absorption
time profiles at 600 nm (black) and 1000 nm (blue). The fits are depicted
in red.

transient absorption spectra regarding hole trapping depends
on factors such as TiO, morphology, excitation wavelengths,
pump energy density, etc.”””" In the context of our measure-
ments, the negative transients in the visible region cannot be
ascribed to bleaching of ground state absorption upon photo-
excitation, since TiO, does not absorb in this particular wave-
length region. In order to exclude instrumental artefacts,
we performed femtosecond laser photolysis transient absorp-
tion on thin films made from TiO, nanoparticles (Solaronix).
In these reference experiments, we noted positive transients in
both visible and near-IR regions immediately after 258 nm
photoexcitation with femtosecond laser pulses - Fig. S5.7

The absence of transient absorptions due to the holes loca-
lised in TiO, might relate to two aspects. On the one hand, an
ultrafast hole relaxation, and, on the other hand, masking of
the hole absorption signatures by the strong negative signals
in the visible region most likely is due to stimulated emission.
The kinetics in the visible and NIR regions at 600 and
1000 nm, respectively, could be fitted with a three-exponential
fitting function with a short-lived component ranging from
3 to 6 ps, an intermediate component between 35 and 55 ps,
and a long-lived component of around 350 ps - Fig. 5b. The
short-lived and the long-lived components in the NIR region
could be assigned to relaxation of trapped electrons from
shallow and deep traps, respectively. The presence of charge
traps in our TiO, is confirmed by photocurrent measurements
on individual TiO, fibres, which show strong photo-gating
effects, most likely associated with electrons immobilized in
O-vacancies or in other charge traps.*?

In the case of the oxMWCNT@TiO, hybrids, distinct
changes evolve in the transient absorption spectra, that is the
appearance of broad transients around 700 nm - Fig. 6 and 7.
Importantly, the transients throughout the NIR decay with
similar time constants. Bahnemann et al. reported that the
absorption of electron-abundant TiO, results in a broad peak
at around 650 nm.®” We therefore tentatively assign the
700 nm feature to trapped electrons residing in TiO,.

Turning to the entire NIR transient, we hypothesize contri-
butions from two components: On the one hand, hole doped
oXMWCNTs, and, on the other hand, trapped electrons on
TiO,. If our first assumption is correct, the rise time of the
NIR transients should reflect the timescale of interfacial
charge separation. Table S1f summarizes the time constants
including pre-exponential factors of the exponential fittings
determined by analysing time absorption profiles at different
wavelengths. For example, the lifetime of the NIR transients of
1 vol% oxMWCNTSs is nearly three times larger than bare TiO,
- Fig. 6b. We infer from the latter that the presence of 1 vol%
oXMWCNTs slows down the electron-hole recombination,
when considering both assignments of the transients. Further
increasing the amount of oXMWCNTSs up to 5 vol% failed to
suppress the electron-hole recombination although we
observed longer lifetimes of the transients related to trapped
electrons at 700 nm - Fig. 7b.

To probe the charge recombination dynamics on longer
timescales, we employed nanosecond transient absorption
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Fig. 6 (a) Femtosecond laser photolysis transient absorption spectra of
1 vol% oxMWCNT@TiO, nanofibers upon photoexcitation at 258 nm
(~250 nJ per pulse, 150 fs FWHM) with time delays of 2 ps (black), 10 ps
(red), 100 ps (green), 100 ps (blue) and 5000 ps (cyan). Visible and Near-
IR spectra were recorded at different spots. (b) Corresponding absorp-
tion time profiles at 500 nm (black) and 1000 nm (blue). The fits are
depicted in red.

spectroscopy. Fig. S61 shows nanosecond transient absorption
spectra of colloidal dispersion of bare TiO, nanofibers in D,O.
Here, we observed negative differential absorptions at 30 ns
below 450 nm.”* These transform into weak positive transients
after ca. 30 ns - see Fig. S6.7 The NIR lacks any appreciable
transient absorption changes on the nanosecond timescale.
Even in the absence of probe light, we observed negative tran-
sient signals with a lifetime of 23 ns as shown in Fig. S7.7
From the latter, we deduce contributions from PL to the
overall negative signal in a range beyond the bandgap of TiO,.
In contrast to TiO,, both 1 vol% oxMWCNT®@TiO, and
5 vol% oxMWCNT@TiO, show positive transient absorption
signals in the NIR region - Fig. 8. This indicates the appear-
ance of new transients upon photoexcitation of the
oxXMWCNT®@TiO, nanohybrids at 355 nm. Considering that
bare TiO, does not produce any NIR transients on the nano-
second timescale, it indicates that the transients in
oxXMWCNT®@TiO, are related to longer lived charge separated
states. As far as the dynamics are concerned, the transients of
1 vol% oxMWCNT@TiO, and 5 vol% oxMWCNT@TiO,
hybrids at 800 nm yield time constants of 60 and 75 ns,
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Fig. 7
5 vol%s oxMWCNT@TiO, nanofibers upon photoexcitation at 258 nm
(~250 nJ per pulse, 150 fs FWHM) with time delays of 2 ps (black), 10 ps
(red), 100 ps (green), 100 ps (blue) and 5000 ps (cyan). Visible and Near-
IR spectra were recorded at different spots. (b) Corresponding absorp-
tion time profiles at 500 nm (black) and 1000 nm (blue). The fits are
depicted in red.

(a) Femtosecond laser photolysis transient absorption spectra of

respectively. In other words, increasing the amount of
oXMWCNTs assists in stabilizing the product of charge separ-
ation and suppressing charge recombination.

To gain more insights into the nature of the NIR transients,
quenching experiments using methyl viologen (MV, Eiq =
—0.44 V vs. NHE) as an electron acceptor and N,N,N',N'-tetra-
methyl-p-phenylenediamine (TMPD, E,, = +0.25 V vs. NHE,
first oxidation) as a hole acceptor have been performed.”®”* In
our first photocatalytic experiments, ocXMWCNT@TiO, acts as
an electron donor to reduce the methyl viologen cation (MV*")
to the corresponding methyl viologen radical cation (MV™)
and, in turn, resulting in a blue colour. Indeed, our steady
state absorption assays give rise to an absorption, which maxi-
mizes at around 600 nm, and, which corresponds to MV"*.”>
Please note that the reduction of MV*" is thermodynamically
only feasible with electrons from the conduction bands of
TiO, and, according to UPS data, this is placed at —0.18 V vs.
NHE (pH 0), limiting thus the photocatalytic process.”®
However, at pH higher than 4.4, the TiO, conduction band is
suitable for photocatalytic reduction of MV>" and therefore,
our experiments were performed at pH 7.0 + 0.2. To this end,
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Fig. 8 Nanosecond transient absorption spectra recorded upon

355 nm photoexcitation (~8 mJ per pulse, 5 ns FWHM) of dispersion of
(a) 1% oxMWCNT@TiO, and (b) 5% oxMWCNT@TiO, in D,O with time
delays of 75 ns (black), 100 ns (red), and 150 ns (green).

Fig. 9a shows the baseline subtracted cw absorption spectra of
MV in the presence of TiO, and oxXMWCNT@TiO, with
different oXMWCNT volume fractions. In comparison with
bare TiO,, the peak intensity is higher for ocxMWCNT@TiO,.
This correlates with higher concentrations of MV™", which have
been produced. It is fair to conclude that the photocatalytic
reduction of MV>" is more efficient in the presence of
OXMWCNT. It reflects an enhanced interfacial charge separ-
ation in oXMWCNT®@TiO, upon light exposure. Interestingly,
much longer lived MV'" was reported in the presence of TiO,
nanoparticles,”” which infers a faster charge recombination
with hole doped oXMWCNTs.

For example, in nanosecond transient absorption spectra
longer charge recombination (72 ns, Fig. 9b) is noted in the
presence of 1 mM MV>" in D,0. Most likely, the longer-lived
NIR transients are related to the interaction between reduced
MV and oxidized oXMWCNTs, since transients from trapped/
conduction band electrons on TiO, should decay faster in the
presence of an electron scavenger. Graetzel et al. reported that
the dynamics of photoexcited electron transfer from TiO, con-
duction bands to MV>* depends on the initial MV*" concen-
tration and the pH of the dispersion.””
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Fig. 9 (a) Steady state absorption spectra of a methyl viologen radical
cation in the presence of TiO, (blue spectrum), 1 vol% oxMWCNT@TiO,
(green spectrum), and 5 vol% oxMWCNT@TiO, (red spectrum) disper-
sions in D,O after irradiation with a 302 nm 6 W UV lamp for
20 minutes. (b) Nanosecond laser photolysis transient absorption
spectra recorded upon 355 nm photoexcitation (~8 mJ per pulse, 5 ns
FWHM) of 1 vol% oxMWCNT@TiO, dispersions with 1 mM [MVICl,- in
D,0 with time delays of 75 ns (black), 100 ns (red), and 200 ns (green).

On the other hand, the nanosecond transient absorption
spectra of 1 vol% oxMWCNT@TiO, in the presence of N,N,N’,
N'-tetramethyl-p-phenylenediamine (TMPD) show a 21 ps lived
transient at 600 nm and weak transients in the NIR region —
Fig. 10. This is rationalized on the basis of hole scavenging in the
form of TMPD to generate the TMPD radical cation, which, in
turn, renders hole-doped oxXMWCNT shorter-lived than in the
absence of TMPD. As such, the 21 ps lived transients are related
to the TMPD radical cation. An obvious question arises relating
to TMPD access to the interface of oXMWCNTS. It is important to
note that we conclude from the TEM images that oxXMWCNTs are
not entirely coated with TiO,. Furthermore, TMPD might access
the sidewalls of oxXMWCNTs through the porous network of the
TiO, fibres. Taking the aforementioned fact into account, TMPD
withdraws holes from oxMWCNTSs.

In summary, taking all our experimental findings into
account, we gathered strong evidence for a hole transfer
mechanism from the TiO, valence band as the dominant inter-
facial process upon photoexcitation. A scheme of the hole
transfer is depicted in Fig. 11.
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Fig. 10 Nanosecond laser photolysis absorption spectra recorded upon
355 nm excitation (~8 mJ per pulse) of 1 vol% oxMWCNT@TiO, disper-
sions with ~20 mM TMPD in D,O with time delays of (a) 60 ns (black),
150 ns (red), 250 ns (green), and 350 ns (blue) and with time delays of (b)
1 ps (black), 20 ps (red), 50 ps (blue), and 75 ps (green).
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Fig. 11 Schematic illustration of the ultrafast photoinduced hole trans-
fer from the TiO, valence band to oxMWCNTSs and the charge recombi-
nation upon 258/355 nm photoexcitation.

Conclusion

Our results provide evidence for a strong coupling between
CNTs and TiO, in oxXMWCNT@TiO, and of charge separation
governed by hole transfer from the valence bands of TiO, to

MWCNTs. Contrary to the view that MWCNTs always act as
electron acceptors when interfaced with TiO,, simulations
suggest that metallic SWCNT/TiO, junctions have a negligible
built-in potential of 0.09 eV.”® Such a small driving force is
insufficient to drive any charge separation. Recent simulations
using corrected density functional theory methods applied to
interfaces formed between graphene and anatase document the
benefits of hybridization and the presence of Ti-O-C bonds for
interfacial charge transfer. Most importantly, photoexcited elec-
trons are preferentially accumulated in TiO, whereas holes are
predominantly found delocalized in nanocarbon.*®

In this work, we have demonstrated that ultrafast (<1 ps)
hole transfer occurs across the interfaces in oXMWCNT@TiO,
hybrids from the valence bands of TiO, to the valence bands
of oXMWCNTs. Consequently, electrons are accumulated in
the conduction bands of TiO,, which is in stark contrast to
previous reports. The kinetics of electron-hole recombination
across the interface crucially depends on the amount of
oXMWCNTs. Our finding suggests that the external surface of
TiO, provides possible active sites of H, evolution in photo-
catalytic water splitting in the presence of oXMWCNT@TiO,
hybrids.

Experimental section

Materials

Oxidative functionalization of MWCNTs (0xMWCNT) was per-
formed using the procedure reported elsewhere.*® Briefly, pris-
tine MWCNTs were sonicated for 5 h with a 3:1 mixture of
concentrated H,SO,/HNO;. OXMWCNTSs were further charac-
terized by TEM, TGA, and FTIR spectroscopy (not shown).
Such a functionalisation enabled adequate dispersibility in sol-
vents and polymer solutions used in the subsequent stages of
the synthesis process.

Preparation of fibres

TiO, and oxMWCNT@TiO, nanofibres were prepared using
sol-gel and electrospinning techniques as reported in earlier
work.”® To prepare the electrospun solution, polyvinyl pyrroli-
done (10 wt%) was mixed with ethanol followed by further
addition of (63.5%) titanium ethoxide with a few drops of
acetic acid added to catalyse the sol-gel formation. For the
preparation of oxXMWCNT®@TiO, hybrids, oxMWCNTs were dis-
persed in ethanol by bath sonication (1, 3, and 5 vol%), added
to the electrospinning solution, and stirred until homo-
geneous dispersions were obtained. Then, the solution was
loaded in a syringe used for electrospinning (Nanon 01A,
MEEC Co., Ltd). A high voltage of 18 kV was applied between
the tip and the collector, separated by 10 cm. Nanofibers were
electrospun using a precursor feed rate of 2 mL h™" flow and
collected over aluminium foil. After electrospinning, the nano-
fibers were calcined at 400 °C in air for 2.5 h to remove the
remaining polymer and subsequently annealed at 500 °C for
1 h to crystallize the titania into predominantly the anatase
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phase. This annealing treatment was done under an Ar atmo-
sphere to avoid the degradation of oXMWCNTs.

Characterization techniques

The samples for spectroscopic studies consisted of fibres of
TiO, and ox-MWCNT®@TiO, hybrids directly electrospun on
quartz, which were subsequently subjected to calcination and
annealing processes. The fibres formed a thin layer with a
density to match an optical transmittance between 30-70%
required for femtosecond transient absorption spectroscopy
(TAS) studies.

Morphological characterization of the fibres was performed
using a scanning electron microscope at 4-10 keV (SEM, EVO
MA15, Zeiss Model) and a high resolution transmission elec-
tron microscope (HRTEM, JEOL JEM 3000F) operating at 300
kv. Phase analysis was performed using X-Ray Diffraction
(XRD) (Empyrean, PANalytical) using Cu Ka radiation. Raman
spectra were obtained with a Renishaw PLC spectrometer with
532 nm wavelength laser-excitation and 1 micron spot size.
A laser power of 5.3 mW was used, which we confirmed to be
sufficiently low to avoid phase transformation.”® Interestingly,
photoinduced phase transformations were observed upon
increasing the laser power as well as by repeated measure-
ments at exactly the same spot (Fig. S11).

Photoluminescence spectra of solid samples were recorded
using a pulsed laser of 355 nm wavelength and repetition rate
of 235 Hz for excitation. A cut-off filter at 370 nm was
employed to discriminate the laser light and laser-induced
luminescence. All measurements were carried out at room
temperature. X-ray photoelectron spectroscopy (XPS) data were
collected using a SPECS GmBH electron spectroscopy system
provided with a PHOIBOS 150+MCD analyser. VB-XPS spectra
were obtained with pass energy of 25 eV. Ultraviolet photo-
electron spectroscopy (UPS) was performed using a Thermo
Scientific Multilab 2000 spectrometer with a 110 mm hemi-
spherical sector analyser. UPS was performed with a He I (21.2
eV) radiation line and a total energy resolution of 200 meV.
The energy scale was referenced to the Fermi level measured
on a bare Au substrate.

Transient absorption characterization

Femtosecond transient absorption studies were performed
with a 258 nm laser source (1 kHz, 150 fs pulse width, output
775 nm) from a titanium sapphire laser (CPA 2110 Laser,
Clark-MXR Inc.). The excitation wavelength of 258 nm was pro-
duced by the third harmonic generation. The transient absorp-
tion spectra were monitored with nanohybrid films on a
quartz slide (~1 cm x 3 cm) with a Helios transient absorption
spectrometer from ultrafast systems under ambient atmo-
sphere. Raman spectra of samples were collected before and
after TAS measurements to ensure that the laser parameters
used did not induce structural changes in the sample that
could give rise to transient features (Fig. S27).

Nanosecond transient absorption spectra of colloidal TiO,
and 1 vol% oxMWCNT@TiO, dispersions were performed
using a custom built transient absorption spectrometer set-up.

Nanosecond transient absorption laser photolysis measure-
ments were performed with the output from the third harmo-
nic generation (355 nm) of an Nd:YAG laser (Brilliant B,
Quantel, output <5 ns, 8 mJ per pulse).

The dispersions were saturated with argon prior to any of
the measurements. More details on the instrumentation could
be obtained from previous work.®°

Photocatalytic measurements

For steady state methyl viologen quenching experiments, solu-
tions of 1 mM [MV]*'2Cl~ in D,0O were prepared. About
1 mg ml™" oXMWCNT@TIO, dispersion in D,O was mildly soni-
cated and transferred to a quartz cuvette. Followed by argon
purging for a while, 0.1 ml of 1 mM [MV]*"2CI~ solution was
added to 0.3 ml of nanofibre dispersion. Then, the cuvettes were
exposed to UV irradiation (302 nm, 6 Watt) for 20 min. Although
steady state photo-oxidation of N,N,N',N-tetramethyl-p-
phenylenediamine was done in a similar fashion, it was per-
formed under dark conditions and a different irradiation
(365 nm, 6 watt) was used. During the transient absorption
measurements, both oxMWCNT@TiO, dispersions and solu-
tions of electron/hole scavengers were saturated with argon.
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